Marquette University

e-Publications@Marquette
Chemistry Faculty Research and Publications

Chemistry, Department of

2001

Thermal Degradation Of PVC In The Presence Of Polystyrene
Qiang Yao
Marquette University

Charles A. Wilkie
Marquette University, charles.wilkie@marquette.edu

Follow this and additional works at: https://epublications.marquette.edu/chem_fac
Part of the Chemistry Commons

Recommended Citation
Yao, Qiang and Wilkie, Charles A., "Thermal Degradation Of PVC In The Presence Of Polystyrene" (2001).
Chemistry Faculty Research and Publications. 192.
https://epublications.marquette.edu/chem_fac/192

Marquette University

e-Publications@Marquette
Chemistry Faculty Research and Publications/College of Arts and Sciences
This paper is NOT THE PUBLISHED VERSION.
Access the published version via the link in the citation below.

Journal of Vinyl and Additive Technology, Vol. 7, No. 1 (2001): 26-36. DOI. This article is © Wiley and
permission has been granted for this version to appear in e-Publications@Marquette. Wiley does not
grant permission for this article to be further copied/distributed or hosted elsewhere without the
express permission from Wiley.

Thermal Degradation of PVC in the Presence
of Polystyrene
Qiang Yao
Department of Chemistry Marquette University, Milwaukee, WI 53201

Charles A. Wilkie

Department of Chemistry Marquette University, Milwaukee, WI 53201

Headnote
The thermal degradation of poly(vinyl chloride) (PVC) and blends of PVC with polystyrene has been studied using
thermogravimetric analysis coupled to Fourier transform infrared
spectroscopy. The degradation of PVC commences at weak links by an ionic pathway, but there is evidence to
suggest the presence of a radical pathway at high temperatures. While there is some chemical interaction
between PVC and polystyrene, the principal mode of stabilization is a physical process.

INTRODUCTION
The thermal degradation of poly(vinyl chloride) has been extensively investigated during the past several
decades (1). Two degradation steps are known, namely, dehydrochlorination
and the decomposition of the polyene chain, which occurs up to 500°C (2-4). Over the years, the focus has been
on the mechanism of thermal polyene growth, and several mechanisms have been proposed. Winkler (5) and
Stromberg et al. (6) suggested a radical pathway to explain the polyene propagation, in which chlorine atoms
are chain carriers.

The decreased rate of the degradation of PVC in PVC/PS (polystyrene) blends favors this radical mechanism. For
example, McNeill (7, 8) and Kaminska et aL (9) found retardation of the dehydrochlorination of PVC in PVC/PS
blends and attributed the stabilizing action of PS on PVC to the reaction of a C1• radical with a tertiary hydrogen
atom of PS. As a consequence, the polyene growth was retarded, and the stabilization of PVC was realized.
However, one dilemma remains. If polyene growth is via a radical mechanism, C1• radicals are rather mobile and
should have a chance to recombine with polystyryl macroradicals produced from the hydrogen abstraction. Yet
no chlorine incorporation into PS has been observed in the temperature range where
dehydrochlorination of PVC occurs but PS does not degrade (7). Further, Starnes and Girois (10) reported that no
products derived from toluene were produced in reaction blends containing toluene and trans-4-chloro-5decene or 5-chloro-5-methylnonane, and thus they excluded the possibility of the formation of chlorine atoms
and benzyl radicals. In a study by Tran and his colleagues
(11) of the thermal degradation of PVC, the paramagnetic signals observed during the PVC thermolysis were
attributed to the unpaired electrons of the pi-system, and the results from ESR spectroscopy did not support a
radical pathway. The combination of these investigations suggests that the stabilization of PVC that arises
from the presence of PS does not arise from the chlorine atoms or tertiary hydrogen abstraction.
On the basis of molecular orbital calculations and other work, Starnes et aL (12-14) proposed an ionic
mechanism for PVC degradation. Because this mechanism gives a reasonable explanation of the influence of HCl
(15) and metal salts (16, 17) on the degradation kinetics (18) and the restricted length of the polyene sequences
(13), it is considered to be more plausible than the radical mechanism. A unimolecular mechanism was also
discussed by some workers and received support (19). Both the ionic and unimolecular mechanisms
require the presence of a beta hydrogen so the elimination process can take place and lead to the formation of a
polyene. As most evidence now available does not support the radical mechanism for PVC degradation, this
pathway must be questioned for the degradation of PVC/PS blends if one is to understand
Fundamentally the interaction between PS and PVC. In previous work, blends which contained relatively large
amounts of polystyrene were examined. These two polymers do not show high compatibility, and it is necessary
to reduce the fraction of polystyrene greatly in order to have a system that is somewhat homogeneous.
The conventional method to study the degradation of PVC is through the measurement of HC1 evolution by
titration or conductimetric experiments. Although these methods are convenient and readily give results, they
do not permit the detection of other evolved compounds such as benzene, which simultaneously evolves with
HC1, and hence suffer from the loss of some useful information during dehydrochlorination. On the other hand,
TGA/FTIR is a powerful tool for studying the degradation of polymers (20). It allows one simultaneously to
identify the products in the gas phase and to trace the products with temperature or time.
Because the degradation of PVC produces a large amount of HC1 and other gaseous products, it is suitable to
use TGA/FTIR to study this degradation. In this work, we will use TGA/FTR to
follow the degradation products of PVC in PVC/perdeuterated PS (DPS) blends, in order to
clarify the PVC degradation pathway and to understand the interaction between these two polymers. We will
also report the profiles of HC1 production from pure PVC and its blends at 190 and 280°C, as well as cone
calorimetry data for both PVC and PVC/PS blends.

EXPERMENTAL
Materials

All the commercial materials used in this work were purchased from Aldrich Chemical Company. Poly(vinyl
chloride) (PVC) had molecular weight 𝑀𝑀𝑛𝑛 = 35,000 and inherent viscosity = 0.68. Polystyrene (PS) had the melt
index of 14 g/10 min. Poly(4-methylstyrene) (P4MS) of 𝑀𝑀𝑤𝑤 = 72,000 was used. Deuterated polystyrene (DPS)

was prepared by using benzoyl peroxide (0.3 wt%) as initiator at 90°C. The polymers were purified by twice
dissolving in tetrahydrofuran (THF) and then precipitating with methanol. The purified polymers were
dried in vacuum before thermal degradation studies were carried out. Distilled water was used throughout this
work.

Preparation Of Blends
The PVC/PS, PVC/DPS, and PVC/P4MS blends were prepared by spraying a blend of the polymers in THF into a
10-fold excess of methanol. The blends were dried in vacuum at 40°C overnight and pressed into films of about
0.2-mm thickness.

HCI Measurements
Samples weighing about 100 mg were degraded in a steady flow of dry nitrogen at l 90°C and 280°C for a certain
time. The flow rate of the nitrogen was 90 mL/ min. The amount of evolved HCl was measured by continuous
titration with about 0.2 M NaOH . The mol % of HCl in each blend was obtained from the following formula:

Where

𝐻𝐻𝐻𝐻𝐻𝐻 𝑚𝑚𝑚𝑚𝑚𝑚 % = 𝑀𝑀 × 𝑉𝑉 × 62.50 × .1 / (𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙𝑒𝑒 × 𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝 )
𝑀𝑀: molarity of NaOH
𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 : mass of sample

𝑉𝑉: volume of NaOH
𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝 : weight fraction of PVC in the sample

Blends degraded for 120 min were extracted with THF, and the insoluble gel was subjected to infrared
examination in KBr pellets.

Thermal Analysis of Blends
Differential scanning calorimetry (DSC) was per formed using a Perkin-Elmer Data Station 4 under nitrogen.
Fifteen-milligram samples were heated at a rate of 10°C/min up to 150°C and then cooled to room temperature.
This procedure was repeated three times, and the value from the third trial was used. Analysis by TGA/FTIR was
performed using a Cahn TG-131 thermogravimetric analyzer interfaced to a Nicolet Magna 560 infrared
spectrometer, under an inert atmosphere and at a scan rate of 10°C/min. The mass of the samples was about
100 mg. Thermogravimetric analysis was also performed using a Cahn TG-131 unit under a nitrogen atmosphere
at a scan rate of 10°C/min. The flow rate of N2 was about 90 mL/min. The adjusted mass loss curves for the PVC
portion of each blend were constructed by using the following formula:

Cone Calorimetry

𝑃𝑃𝑃𝑃𝑃𝑃% 100∗ [1 − (100 − 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏% )/(100∗ 𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝 )]

Cone calorimetry was performed per ASTM E 1354-92 using a Stanton Redcroft/PL Thermal Sciences instrument
at 35 KW/ m2 in the horizontal orientation. The samples were 6.3 mm thick and were mounted by using the edge
retainer frame and wire grid; the sample mass was approximately 35 g. Exhaust flow was set at 24 L/s, and the
spark was continuous until the sample ignited.

RESULTS AND DISCUSSION
TGA-FTIR Studies of PVC
Figure 1 illustrates the profiles of HCl and benzene produced during the thermal degradation of PVC, together
with the TGA curve. The TGA curve shows two degradation steps. The first step occurs between 200 and 340°C,
and the second between 400 and 505°C. The major products in the first step are HCl and benzene. Both HCl and

benzene reach their maximum evolution at around 280°C. The evolution of benzene is nearly concomitant with
that of HCI. an observation which agrees well with the published results (21, 22). A very small peak at 950 cm-1,
due to ethylene, was also observed in the first degradation step at about 10 mol % HCl loss, calculated from the
area ratio. Its presence suggests that radicals may be involved in the later stages of the first step. This possibility
is not inconsistent with the ESR work, since most ESR work was performed in the region where a low degree of
dehydrochlorination (< 5%) occurs, a region where no traditional radicals resulting from u-bond cleavage are
observed. At higher degrees of HCl loss and higher temperature, chain scission may occur, and this may lead to
the evolution of ethylene.
The second degradation step involves the structural reorganization of the polyene residue. The major products
are various aromatic compounds and methane; only a small amount of benzene evolves in this step. Lattimer
and Kroenke (23, 24) have pointed out that the formation of benzene is through intramolecular cyclization, not
intermolecular Diels-Alder reactions. Because intermolecular Diels-Alder reactions occur in both the first and
second degradation steps, the observation that almost all of the benzene was observed in the first step supports
this conclusion.
Millan et al. (25) observed that two well-separated stages existed in the reaction of PVC with sodium
thiophenate, a nucleophile; about 0.2-0.7% of PVC reacted very rapidly in the first step, which was followed by a
much slower second step. Their kinetic results suggest that there are at least two steps of HCl loss in the
degradation of PVC. This suggestion is confirmed by the TGA-IR results for the thermal degradation of PVC.
According to Fig. 1, the loss of HCl commences at 200°C, rapidly increases up to 210°C, and then levels off; this
behavior is followed first by a gradual, then rapid, increase to a maximum at 280°C and then a decrease to 380°C
with a plateau between 300 and 325°C. Two aspects are of interest: 1) the rapid initiation stage of HCl loss
between 200 and 210°C, which corresponds to the first step in Millan's experiment. and 2) the slow HCl loss
between 300 and 325°C.
Several mechanisms have been proposed for the initiation of HCl loss. Hjertberg (26) and his co-workers pointed
out that the initial evolution of HCl begins from irregular structures such as tertiary chloride and in ternal allylic
chloride. Starnes et al. (27) also considered such “labile chlorines" to be the major reason for the initiation.
Millan et al. (25, 28, 29) argued that the fast initiation period is due to the high reactivity of the isotactic GTTG*
(G = gauche, T = trans) triads because of their favorable conformation, while Minsker et al. (30) considered
initiation from ketoallyl structures. Every mechanism has evidence to support the assertion. In the experiments
reported in this paper, about 0.9% of all HCl evolves in the temperature range be tween 200 and 210°C. If one
considers that the average length of the polyenes is about 10 (1), then the initiation of HCl loss arises from
0.09% of chlorine. Compared with the results reported by Millan et al., in which about 0.2-0.7% of the chlorine
reacted very rapidly in the first step, these results are lower and are on the order of the total concentration of
internal allylic and tertiary chloride. It is plausible that the initiation of HCl loss commences from the irregular
structures.
After the rapid initiation stage, HCl loss continues from the regular PVC structures. This loss accounts for the
majority (> 98%) of the evolved HCl and is reflected in the high absorbance of HCl in Fig. 1. As shown by the
profile of HCl in Fig. 1, the HCl curve exhibits a plateau between 300 and 325°C. The loss of HCl before 300°C is
about 72%; it is reasonable to conclude that some parts of PVC are less reactive.
It is noteworthy that there is a small peak due to HCl in the second degradation step (Fig. 1). About 0.70% of the
chlorine still remains after dehydrochlorination in the first step, and the evolution of HCl reaches a maximum at
around 450°C in the second stage. The large gap between the two peaks of HCl may indicate that another
mechanism of dehydrochlorination is also operative, possibly a radical pathway. Both the ionic mechanism and
the concerted mechanism require the presence of β hydrogens, and β hydrogens are entirely consumed during

the first step. Some irregular structures, such as branches, which are present in the order of 0.5% per vinyl
chloride unit (1). may leave chlorine without hydrogens after the first degradation step. Head-to-head groups,
which occur at the level of about 0.1% per vinyl chloride unit (1), can also produce the thermally stabilized
structure -CH=CCl- because of the resonance between π electrons in the double bond and the C-Cl bond (31).
This type of chlorine cannot undergo elimination. At temperatures near 450°C, C-Cl homolysis may occur, and
the Cl• atom that is produced can randomly abstract hydrogen left in the polyene residue and form HCl. Shiro et
al. (32) found chlorination of PS in the temperature range in which both PVC and PS were degraded
simultaneously. Their results are consistent with this interpretation. This interpretation also naturally explains
that the degradation of the polyene residue coincides with the evolution of HCl because of the formation of
carbon radicals due to C-Cl homolysis and hydrogen abstraction in the second step.

Thermal Stability of Blends at 190°C
In order to simulate processing conditions, where the temperature is usually around 190°C, the thermal
stabilities of the blends and PVC were examined at 190°C by HCl titration. Figure 2 gives the time-conversion
curves for the dehydrochlorination of the PVC portion in PVC/PS blends. According to this figure, all the samples
show an induction period and then a fast initial HCl loss followed by gradual HCl loss. The HCl loss in the fast
initial step is about 1.75%, a value which is a bit higher than that (0.90,fci) obtained from the TGA-FTIR results.
This difference may indicate that other factors beyond those discussed above, such as the time for the sample to
reach thermal equilibrium, contribute to this process. Only the 95/5 blend shows a decreased loss of HCl, while
the others show the same rate of HCl loss as virgin PVC at 190°C. For example, at 50 minutes. 75% of the HCl
that is lost by virgin PVC is lost from the 95/5 blend, even though the 95/5 blend starts to lose HCl at the same
time as virgin PVC.
It is noted that the PS in the 95/5 blend exerts a stabilizing action immediately after dehydrochlorination starts,
and that this stabilization decreases after 50 minutes. The rates of HCl loss (slopes) are virtually identical after 60
minutes for all blends and virgin PVC. Therefore, even in the 95/5 blend, the stabilization due to PS takes place
just at the beginning of the dehydrochlorination reaction at 190°C.
The FTIR spectra of the insoluble solid residue remaining after the evolution of HCl show the presence of PS, a
result indicating that there is some chemical interaction between PVC and PS during the degradation at 190°C.
Previous workers (7) have examined the soluble fraction and seen no evidence of an interaction between the
components; the interaction occurs only in the cross-linked material. This chemical inter action must have a
minimal effect on the stability of PVC, because there is no change in the HCl loss rate between virgin PVC and
the PVC/PS blends.

Fig. 1. Thermogravimetric analysis and HCl and benzene evolved from the thermal degradation of PVC under
nitrogen at 10 °C/ min.

Fig. 2. Tune-conversion curves for the dehydrochlorination of the PVC portion of PVC/ PS blends at 190 °C.

Thermal Stability of Blends at 280°C

The thermal stability of PVC in PVC/PS blends was also examined at higher temperature, i.e., 280°C. Figure 3
gives the adjusted time-conversion curves for the HCI loss in FVC/PS blends at 280°C. At this high temperature,
PS causes a stabilization of the PVC, and this stabilization increases with increasing amounts Of PS.

TGA-FTM Studies of Blends

Figure 4 illustrates the mass loss curves of the PVC portion of PVC/DPS blends as a function of time. The adjusted
curves were constructed by the method shown in the Experimental section. In agreement with McNeill (7),
these results show that the mass loss of the PVC portion is delayed in the blends in the temperature region
corresponding to the dehydrochlorination of PVC.
The TGA curves show that there are two degradation steps for PVC/DPS blends below 520°C. The first
corresponds to the degradation of PVC. Hydrogen chloride, DC1, and benzene were observed in this
step. The DPS and the polyene degrade in the second step, and styrene-de, methane, and alkylaromatic
compounds are found. figure 5 gives the profiles of HC1 at 2727 cm-1 with temperature, along with DC1 at 1998
cm-1 and the TGA curve of the 95/5 PVC/DPS blend. It is noted that DC1 reaches the maximum at
nearly the same time as HC1.
The presence of DC1 supports the occurrence of a chemical reaction between PVC and DPS. The previous
explanation for the interaction is through tertiary hydrogen abstraction from PS by chlorine radicals. Since either
a unimolecular elimination or an ionic mechanism is now most commonly claimed for PVC degradation, one may
be inclined to suggest this mechanism as the starting point for the blends. This hypothesis requires one to
explore a nonradical process, and one possibility to consider is that Friedel-Crafts reactions may
explain the formation of DC1; a simplified version of the Friedel-Crafts reaction is shown in Scheme 1. An ionic
process can produce HC1 by abstraction of H+ from PVC and DC1 through a Friedel--Crafts
reaction. The concomitant maximum evolution of DC1 and HC1 suggests that both have the same precursor.
The Friedel-Crafts reaction, shown in Scheme 1 by using only one monomer unit of each polymer, permits an
ionic interaction between PVC and DPS which prevents the propagation of the polyene and
explains the observation of PS vibrations in the infrared spectrum of the insoluble, and hence cross-linked,
material. The alternative, radical mechanism could also give copolymers by radical
recombination. The absence of any soluble products which contain both styrene and chlorine argues against a
radical process. The very small amount of DCl observed suggests that the Friedel--Crafts reaction is not
kinetically favored over HC1 loss. An increase in the amount of DPS does not effect significant

change in the production of DC1. Therefore, stabilization arising from the Friedel-Crafts reaction is limited. This
conclusion is consistent with the results of titration, which show that the chemical interaction between PVC and
PS does not change the rate of HC1 loss. Further, the limited stabilization from the Friedel--Crafts reaction is
confirmed by the thermogravimetric results for PVC/P4MS blends. Figure 6 shows that the mass loss
curves of PVC/P4MS coincide with those of PVC/PS for identical compositions. The results for other
compositions are similar and are not shown graphically.

Fig. 3. Time-conversion curves for the dehydrochlorination of the PVC portion of PVC/PS blends at 280°C.

Fig. 4. Mass-loss curves of PVC/DPS blends and the PVC portion of PVC/DPS blends with temperature at the
heating rate of 10°C/min under N2.

Fig. 5. The evolution of HCl (abs. per g PVC) at 2727 cm-1 from PVC and 95/5 and 84/ 16 PVC/DPS blends with
temperature, super-imposed with DC! at 1998 cm-1, ethylene at 951 cm-1, and the TGA curve of the PVC/DPS
95/5 blend. (The absorbance scales for DCl and ethylene were magnified by a factor of 95.)

The introduction of the methyl group in the para position should decrease the tendency for the Friedel--Crafts
reaction, because of steric hindrance. If Friedel--Crafts reactions play a major
role in the stabilization, the thermal stability of PVC/P4MS should be less than that of PVC/PS. On the other
hand, if the hydrogen abstraction determines the thermal stability of PVC/ PS, the PVC/P4MS should be more
stable than PVC/ PS, because the para-methyl compound has three additional more weakly bonded benzylic
hydrogens. The TGA results for PVC/P4MS and PVC/PS show that neither Friedel-Crafts reactions nor hydrogen
abstraction have a significant effect on the dehydrochlorination of PVC.

Scheme 1. Friedel-Crafts interaction between degrading PVC and perdeuterated polystyrene.

Fig. 6. Thermogravimetric analysis of PVC/P4MS and PVC/PS at the 80/20 and 95/5 compositions.
McNeill and Dodson (7) observed a rapid decrease in the molecular
weight of polystyrene in the presence of PVC, and they explained that this decreased molecular weight was due
to the increased chain scission of polystyryl radicals, which were produced by the hydrogen abstraction by
chlorine atoms. They found no evidence for the presence of chlorine in the soluble fraction, which contained
only polystyrene. In this work, the insoluble fraction has been examined by infrared spectroscopy, and this
clearly shows the presence of both PVC and PS.
The results of TGA/FITR do not support hydrogen abstraction. Therefore, other alternatives must contribute
to the accelerated decrease of molecular weight. Cross-linking which arises from Friedel-Crafts reactions
provides an alternative explanation. Because PS of higher molecular weight is more easily cross-linked than
that of lower molecular weight, the material with higher molecular weight is retained in the gel,
and the measured molecular weight actually reflects the fraction of PS with lower molecular
weight. The action of cross-linking causes the apparent molecular weight of PS to decrease, because the longer
chains are retained in the gel.

Table 1 illustrates the mutual stabilization of PVC and PS. As can be seen, the evolution of HC1 is
delayed in the presence of PS, and the maximum absorbance of HC1 is reduced as the amount of PS increases.
As already observed by McNeill (7), the degradation of PS, as evidenced by the presence of styrene-d8, also
occurs at higher temperature in the presence of PVC.
In contrast to the results of titration, different induction periods were observed for all blends. Apparently, this
result is due to the insensitivity of titration. The increase of the initial temperature of HC1 loss
as the amount of PS increases suggests that another factor, rather than Friedel-Crafts reactions, must contribute
to the retardation of initial HC1 loss, because of the limited Friedel-Crafts reactions. If Friedel-Crafts reactions
occur to some degree in the beginning, then the initiation step should be different. Less HC1 should be
evolved in this step, but a similar percentage of HCI (~0.9%) was observed in the initiation step; this observation
means that there is little chemical modification of the irregular structures associated with the initiation
step. The change in the induction period cannot be due to the PVC, since identical material was used in all cases
(25).
In order to understand why the induction period of HCl loss is increased in the presence of DPS, one has to
understand what causes the induction period for virgin PVC. Hjertberg et al. (26) ascribed the induction period
to the dead volume in the system and the time for the sample to reach equilibrium, while Brown and his coworkers (33) attributed the induction period to the buildup of HCI in the sample. Because the same TGA/FTIR
system and the same sample size were used, the dead volume and equilibrium time can be considered to
be the same for all samples. However, the solubility of HC1 in each sample may be different. Therefore, it is
possible that the increased induction period is due to the amount of HC1 which is present.
As discussed by Brown et al. (33), the buildup of the HC1 in the sample
catalyzes the thermal degradation of PVC in the solid state. The introduction of PS permits the diffusion of HC1
into the PS phase, thus decreasing the concentration of HC1 in the PVC phase. While the solubility of HC1 in PS is
not expected to be large, it will be finite, and thus the concentration in the PVC must be
decreased. The decreased concentration of HC1 leads to enhanced thermal stability for PVC/DPS blends.
Another possibility involves the change in the polarity of the medium. Compared with virgin PVC, the blends
have lower polarity, a condition which does not favor the loss of HCI: PVC in blends of lower polarity tends to
lose HCl at higher temperatures. It is reasonable that both factors affect the thermal degradation of PVC.
Braun and his co-workers (34, 35) have reported that coarsely dispersed PVC/PMMA samples are more stable
than PVC, which is in turn more stable than homogeneous PVC/PMMA samples. Apparently, diffusion of HC1
into the PMMA phase accounts for the improved thermal stability of PVC in coarsely dispersed blends,
while the increased polarity in homogeneous samples decreases PVC stability. McNeill and Neil (36, 37) have
examined blends of PVC and PMMA. They report that the molecular weight of the methacrylate fraction is
significantly decreased when the degradation is allowed to occur in the presence of PVC, and they attribute this
result to the presence of chlorine radicals which accelerate the reaction. One can invoke a similar ionic
mechanism for this reaction; the carbocation is formed by loss of a chloride ion from PVC, and this ion interacts
with a carbonyl group of the PMMA. This interaction will lead to the loss of methyl chloride
and the formation of a new ester, a process which occurs because of an interaction between the two polymers
and leads to a loss of low-molecular-weight material and the retention of higher-molecular-weight
material in the cross-linked gel.

Table 1. The Effect of PS on the Evolution of HCI and Benzene.
HCl at 2727 cm-1
Benzene at 673 cm-1
Temp (°C)
Temp (°C)
PVC/DPS Initala
Max. HCl/PVCb(abs./g)⨯103 Initala
Max. Total Benzene [(abs./g)⨯°C]c
100/0
202
275
1.38
224
275
0.74
95/5
210
287
1.14
224
287
0.78
84/16
219
297
1.08
224
297
0.79
a: initial temperature where HCI was first observed.
b: maximum absorbance of HCI per gram of PVC.
c: calculated from the area under unit absorbance curves. Total benzene = ΔT ⨯ absorbance/g.
d: styrene-d8 at 22.77 cm-1.

Styrene-d8d
Temp at Max., °C
475
479

These two factors (decreased HC1 concentration and lower medium polarity) may also be responsible
for the enhanced thermal stability of the 95/5 blend at low temperature and the 80/20 blend at high
temperature. At low temperature, the sample retains its shape; HC1 can easily escape from the thin film sample;
and HC1 catalysis is minimal. The 95/5 blend possesses better thermal stability because of its relatively
homogeneous nature, compared to the other systems, a difference which can be seen
from the change of transparency of the samples and from the DSC curves. At high temperature, samples lose
their shape, and diffusion may become the crucial factor to determine the thermal stability. The lower
concentration of HC1 in the PVC phase of the 80/20 blend provides enhanced high--temperature stability.
Figure 7 illustrates the effect of PS on the evolution of benzene. The initial temperature at which benzene is first
formed is independent of the amount of PS, a result which is likely related to the activation energy
for the formation of benzene. Like HC1, benzene also shows a delay before reaching its maximum
absorbance in the presence of DPS. This delay is a natural result, because the formation of benzene is
through the intramolecular cyclization of polyenes. It is not inconceivable
that the delay in the production of benzene in turn causes the delay of HCl loss and vice
versa. The evolution of benzene shortens the polyene length, a result which favors HC1 loss
because of resonance stabilization.
The amount of benzene (see Table 1), calculated from the total area under absorbance curves, is about the same
for all samples. Because the formation of benzene is through intramolecular cyclization of polyenes, a similar
amount of benzene must indicate little modification of poly(vinyl chloride) by polystyrene during its thermolysis,
so that similar polyenes will be produced.

Cone Calorimetry
Figure 8 illustrates the specific extinction area for the combustion of PVC, 90/10 PVC/PS, and PS, together
with the PVC TGA curve. According to this figure, although there is modulation of the 90/10 PVC/PS curve, which
may be caused by the flame retardancy of HC1 on the combustion of PS, the trend for the blends is similar to
that of virgin PVC. As a matter of fact, the extinction area (total smoke) in Table 2 shows very similar values
for PVC and 90/10 PVC/PS. If one excludes the specific extinction area contributed by PS, one finds
that PVC in 90/10 PVC/PS is not significantly different from pure PVC. This conclusion holds true for
most of the cone parameters. Because the specific extinction area is related to the production of aromatic
compounds. which, in the case of PVC, are produced by the intra- or intermolecular
cyclization of polyenes, the similarity in the curves and values indicates that the combustion of PVC is unaffected
by the presence of PS. This finding supports the conclusion that there is little chemical interaction
between PVC and PS.

Fig. 7. The evolution of benzene during the thermal degradation of PVC under N2 at 10 °C / min.

Figure 9 shows the heat release rate for the combustion of PVC, 90/10 PVC/PS, and PS, together
with the PVC TGA curve. Similar curves are observed for pure PVC and
90/10 PVC/PS. The modulation in the 90/10 PVC/PS curve again may be due to the effect of the flame
retardancy of HC1, which is produced by the dehydrochlorination of PVC, on the PS combustion.

CONCLUSIONS

Fig. 8. The specific extinction area of PVC, 90/10 PVC/P S, and PS, superimposed with the PVC TGA curve.

Fig. 9. 'The heat release rate of PVC, 90 / 10 PVC/ PS, and PS, superimposed with the PVC TGA curve.
Table 2. The Results of the Cone Calorimetry of PVC, 90/10 PVC/PS, and PS.
Cone calorimetry
PVC 90/10 PVC/PS PS
Time to ignition (s)
30
60
45
Time to burnout (s)
240 240
223
Peak heat release rate (kW/m2)
277 327
795
T ime to peak heat release rate (s) 240 240
200
Extinction area (m2)
27
29
37
Mass loss rate (mg/s)
147 157
198
The TGA-FTIR results show that there are four steps of HC1
loss in the thermal degradation of PVC. The observation that initiation arises from about 0.09% of chlorine
suggests that the initiation starts from irregular structures. The large gap between the first three steps
and the last one suggests that a different pathway, perhaps involving radicals, is involved in the final
step. The presence of a very small amount of ethylene in the later stages of the first HC1 loss step may suggest
that radicals are involved in this step to a limited extent.

The thermal stability of PVC is improved in the presence of PS and poly(4-methylstyrene). The presence of DC1
supports a chemical interaction between PVC and DPS, which is suggested to occur by Friedel-Crafts
reactions. The inefficient Friedel-Crafts reaction renders the stabilizing action of PS on PVC rather limited.
The diffusion of HC1 into the second polymer phase and the change of medium polarity may be the two crucial
factors to affect the thermal stability of PVC. The diffusion decreases the autocatalysis by HC1 and
enhances the thermal stability of PVC in the presence of PS. The lowered polarity that results
from the introduction of PS also decreases the rate of HC1 loss and improves the thermal stability of PVC
The results of cone calorimetry show that the 90/10 blend has the same low heat release rate as
pure PVC. The similar specific extinction areas for the 90/10 blend and PVC indicate that there is no significant
chemical modification of the PVC in the blend during its combustion.
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